Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed malignancy worldwide. 1 Surgical resection, supplemented with chemotherapy in certain circumstances, remains the primary curative method for localized and regional CRC. Despite the effectiveness of the regimen, the rate of relapse or metastasis after surgery remains high (~30%-50%), which is a major contributor of CRC-related death. 2 Presently, the response of CRC patients to the current established regimen is quite heterogenous, even among patients with the same tumor-node-metastasis (TNM) stages. 3 Moreover, 10%-20% of patients with stage II CRC and 30%-40% of those with stage III CRC eventually develop recurrence after therapeutic intervention. Additionally, adjuvant chemotherapy is beneficial to patients who are more likely to relapse after surgery but harmful to those who may not relapse. Clearly, the critical point in the current clinical situation is to identify those patients with a higher risk for relapse using effective biomarkers to ensure purposeful treatment. However, thus far, microsatellite instability (MSI) is the submit your manuscript | www.dovepress.com
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Zheng et al only validated marker for determining CRC prognosis and the appropriate chemotherapy. 4, 5 Therefore, new biomarkers are urgently required.
Eyes absent homologue 2 (EYA2) is a member of the eyes absent (EYA) family, functioning both as a transcriptional coactivator in conjunction with SIX family proteins (vertebrate homologues of the Drosophila gene sine oculis) and as a tyrosine phosphatase. [6] [7] [8] [9] [10] The related biological processes controlled by this gene include the regulation of cell death and/or differentiation and DNA damage repair. 10, 11 Recently, the role of EYA2 in cancer has gained a lot of attention. Studies have shown that EYA2 is elevated in various cancer types including epithelial ovarian cancer, 12 lung cancer, 13, 14 breast cancer, 15 and cervical cancer. 16 These studies have also shown that overexpression of EYA2 facilitates tumor growth and distant metastasis in vitro and/or in vivo models. In addition, the high expression of the EYA2 protein was found to be significantly associated with short overall survival in advanced ovarian cancer 12 and significantly associated with lung metastasis in breast cancer. 15 Collectively, these findings demonstrate that EYA2 plays an oncogenic role in the mentioned cancer types. However, in another study, reduced expression of EYA2 in pancreatic adenocarcinoma promoted the growth and metastases of tumor cells, 17 which is antagonistic to the function of EYA2 as an oncogene. Therefore, the role of EYA2 in malignancies remains controversial. Thus far, no study has described the biological function and clinical significance of EYA2 in CRC. Some evidence from previous studies indicates that the expression of EYA2 in CRC cell lines may be lower than that in cell lines from other cancer types, 12 and methylation of EYA2 frequently occurs in CRC. 18 The evidence involving CRC suggests that EYA2 may have different biological functions and clinical significances. Therefore, a more thorough investigation of the significance of EYA2 in CRC is required.
Herein, we conducted an immunohistochemical examination of EYA2 on tissue microarrays (TMAs), constructed using tissue specimens obtained from 922 CRC patients, to investigate the expression pattern of EYA2 among different colorectal tissues and the association between patient survival and EYA2 expression. The results showed that EYA2 may be a promising biomarker for the stratification of prognosis and the prediction of effective responses to chemotherapy in CRC patients.
Patients and methods
Bioinformatics analysis of eYa2 in crc
The microarray expression profiles of three data sets (GSE62294, GSE37364, and GSE41258) related to colorectal tissues were downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The pathological types and sample sizes of each data set are listed in Figure 1A . The expression profiles of EYA2 in the related specimens were extracted from the processed data and then compared among different pathological types of colorectal tissues via independent sample t-tests. In addition, the expression patterns of EYA1, EYA3, and EYA4 in CRC were analyzed. 
Patient characteristics
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eYa2 in the prognosis of crc patients slides were incubated with the rabbit antihuman EYA2 polyclonal antibody at 4°C overnight and then incubated with an HRP-Polymer Anti-Rabbit IHC Kit (KIT-5920; Maxvision, Fuzhou, People's Republic of China). All the TMAs were stained simultaneously by a technician to eliminate interassay variation.
Quantitative evaluation of immunostaining
The stained TMA slides were observed under bright-field microscopy at a resolution of ×20 (digital scanning via Aperio Scanscope v12.1; Aperio Technologies, Vista, CA, USA) to allow quantitative image analysis (×200). The EYA2 protein was quantitated using the H-score method as previously 
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Zheng et al described. 20 Immunostaining for EYA2 was assessed by determining the percentage of epithelial or mesenchymal cells showing negative (0), weak (1+), moderate (2+), and strong (3+) nuclear staining. The total number of cells in each field and the number of cells stained at each intensity were counted. H-scores were calculated by multiplying the average percentage of positively stained cells and the corresponding intensity of staining (yielding a score ranged from 0 to 300). Two independent investigators with no prior knowledge of the clinicopathological information carried out the staining assessment. The interobserver differences were averaged.
Follow-up and patient subgroups
Follow-up information for the 906 patients with stages I-III CRC was collected following a standard procedure as previously described. 19 The primary outcome of interest was disease-specific survival (DSS), which was defined as the number of months from the date of undergoing surgery to the date of death due to CRC. Disease-free survival (DFS) was measured in months from the date of undergoing surgery to the date of the first relapse. An optimal cutoff value for epithelial EYA2 IHC scores was selected to divide patients into the subgroups of high and low EYA2 expressions. This was carried out using the package maxstat in R 3.2.0 (www.r-project.org), which can effectively discriminate survival differences.
statistical analyses
The patient's clinicopathological characteristics were summarized descriptively and tested using two-sample Student t-tests (continuous variables) and Pearson's Chi-square tests (categorical variables). Wilcoxon-Mann-Whitney tests were used to analyze the TNM stage and histological grade. The DFS and DSS of subgroups were compared to determine survival outcomes using Kaplan-Meier curves and then further analyzed with the log-rank test to observe the significance. All possible prognostic factors were determined using a univariate Cox proportional hazards model; subsequently, the meaningful prognostic factors (defined as those with P,0.05 in univariate analysis) were further assessed in a multivariate analysis. Interaction between EYA2 expression status and chemotherapy was evaluated using Cox proportional hazards models with a 2×2 factorial design. 21 All statistical analyses were conducted using SPSS V.19.0 for Windows (IBM Corporation, Armonk, NY, USA). Significance was set at P,0.05 for two-sided tests.
Results
expression of eYa2 is reduced in crc
To explore the potential significance of EYA2 in CRC, we initially compared the expression pattern of EYA2 between CRC tissue and the adjacent normal tissue in a bioinformatics analysis. We found that the level of EYA2 mRNA in CRC was consistently significantly lower than that in the adjacent normal tissues in the three datasets obtained from the GEO database (all P,0.01; Figure 1A ). However, expression did not differ significantly across the three datasets for EYA1, EYA3, or EYA4 ( Figure S1 ). Subsequently, the expression pattern of EYA2 was investigated via IHC examination in 906 CRC and 68 adjacent normal tissue specimens obtained from patients at Changhai Hospital. The immunostaining for EYA2 showed positive results predominantly in the nuclei of colorectal epithelial cells and some mesenchymal cells Figure 1B) . Results from the independent Student's t-test showed that the expression of nuclear EYA2 protein in epithelial cells was significantly lower in CRC tissue than that in the corresponding adjacent normal tissue specimens (P,0.001; Figure 1C ). Notably, we found that nuclear EYA2 expression in epithelial cells was progressively lower in adjacent normal tissues, adenomas, and primary cancer and metastatic CRC (all P,0.05; Figure 1B and C), which indicated that reduced EYA2 may be associated with CRC progression. However, negative or weak EYA2 expression with low frequency (,5% specimens) was detected in mesenchymal cells surrounding epithelial cancer cells ( Figure 1B) .
associations between eYa2 expression and clinicopathological characteristics in patients with crc
In further investigations, we compared epithelial EYA2 protein levels with the clinicopathological characteristics of patients with CRC. There were significant differences between EYA2 expression and differentiation grade (P,0.001), as well as marginally significant differences (P=0.061) between EYA2 expression and TNM stages when EYA2 expression was analyzed as a continuous variable ( Figure 1D ). Next, we classified the 906 patients with stages I-III CRC into EYA2-low or EYA2-high subgroups using the optimal cutoff value (IHC score =145) identified via the maxstat R package. No significant associations were found between EYA2 expression and age, sex, disease location, serum CEA level, serum CA199 level, or postoperative adjuvant chemotherapy (all P.0.05). However, EYA2 expression differed significantly according to TNM stage, grade, and number of resected lymph nodes (all P,0.001; Table 1 ), which indicated that EYA2 may be involved in the aggressiveness of CRC. Therefore, we proceeded to assess the association between EYA2 expression and survival outcomes using the IHC data.
low expression of eYa2 protein predicted a poor prognosis in crc As presented in Table 2 , a univariate Cox regression analysis based on the Cox proportional hazards model was applied to determine the hazard ratio (HR) of clinicopathological characteristics according to the follow-up DFS and DSS of CRC patients. Poor histological grade, advanced TNM stage, a higher number of resected lymph nodes, adjuvant chemotherapy, high level of serum CEA and serum CA199, and low EYA2 expression predicted poor DSS and/or shorter DFS for CRC (Table 2 ). In the multivariate 
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Zheng et al analysis, the HR for CRC relapse among patients with EYA2-low tumors versus EYA2-high tumors was 2.347 (95% CI, 1.665-3.308; P,0.001) after adjusting variables such as tumor stage, grade, chemotherapy, number of resected lymph nodes, and serum CEA and CA199 levels. The level of EYA2 expression was also an independent risk factor for DSS with a HR of 3.560 (95% CI, 2.055-6.167; P,0.001). Kaplan-Meier analysis revealed that patients with EYA2-low tumors (IHC score #145) had significantly shorter DFS and DSS when compared with those with EYA2-high tumors (IHC score .145; all P,0.001; Figure 2 ). Notably, patients with stage II and those with stage III CRC with EYA2-low tumors were consistently associated with worse DFS and DSS than those with EYA2-high tumors (all P,0.05); this trend was not observed for patients with stage I CRC (all P.0.05).
low eYa2 protein expression is associated with potential harm from chemotherapy
To evaluate whether patients with EYA2-high tumors might benefit from adjuvant chemotherapy, we investigated the association between EYA2 expression levels and survival outcomes among patients who did and those who did not receive adjuvant chemotherapy. Since all the patients with stage I CRC did not receive adjuvant chemotherapy, we focused on the patients with stage II and stage III CRC (Table S1 ). We observed that high EYA2 protein expression was associated with a longer DFS and DSS than that observed with low EYA2 protein expression in patients with stage II as well as those with stage III CRC who received adjuvant chemotherapy (all P,0.05; Figure 3) ; this trend was not observed for patients who did not receive adjuvant chemotherapy (all P.0.05; Figure 3) . Additionally, when we analyzed the subgroup of patients who had stage II disease and EYA2-low protein expression, we observed that use of chemotherapy had a clear association with reduced survival outcomes (Figure 3) . Furthermore, when we analyzed patients with stage II disease, testing the interaction between EYA2 expression and chemotherapy status revealed that there was a significant interaction (P=0.041) for DFS. Therefore, our results indicated that patients with low EYA2 expression might be harmed by adjuvant chemotherapy.
Discussion
In this study, we initially compared the expression pattern of EYA2 between CRC tissue and adjacent normal tissue 
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eYa2 in the prognosis of crc patients using publicly available expression profiles; we found that the transcriptional levels of EYA2 in CRC were consistently lower than those in the adjacent normal tissues in three data sets, including the The Cancer Genome Atlas (TCGA) CRC microarray dataset. The IHC examination of EYA2 on TMAs showed that the EYA2 protein was mainly distributed in the nuclei of colorectal epithelial cells and the nuclei of mesenchymal cells surrounding normal epithelial cells. Furthermore, EYA2 IHC confirmed that CRC tissues had lower epithelial EYA2 protein expression than normal tissues in the Changhai cohort. Interestingly, the expression of epithelial EYA2 in colorectal polyps was also significantly lower than that observed in normal tissue, which suggested that the reduction in epithelial EYA2 was associated with CRC occurrence and may be an early event in the development of CRC.
EYA2 has been reported as an intrinsically cytosolic protein that is translocated to the nucleus by conjunction with the members of SIX family proteins. 7, 8 Previous studies have reported that the EYA2 protein can be detected via IHC in both the nucleus and cytoplasm of epithelial cells in ovarian cancer and non-small-cell lung cancer 12, 22 but could be observed only in the nucleus of some primary pancreatic cancer. Moreover, the expression pattern of EYA2 in CRC is different from that in other cancer types, such as epithelial ovarian cancer, lung cancer, breast cancer, and cervical cancer, [12] [13] [14] [15] [16] 23 where EYA2 is significantly elevated in cancer lesions. Recently, the expression of EYA2 in pancreatic cancer has also been reported to be lower than that in the adjacent normal tissues. 17 Various expression patterns of EYA2 in different cancer types suggest that the function of EYA2 may be organ or tissue specific. 7 In our study, a decreasing trend in EYA2 expression in epithelial nuclei was detected but rarely in the cytoplasm, during the progress of CRC. These data also suggest that EYA2 has organ-specific functions, presumably depending in part on its subcellular localization and focusing more on the complicated interactions of its double roles of a phosphatase and transcription coactivator during differentiation and cell cycle progression. 10 In the analysis of the associations between EYA2 expression and the clinicopathological characteristics of patients with CRC, we found that low EYA2 expression was related to advanced TNM stages and poor differentiation. Since TNM stages and differentiation grades are usually associated with CRC prognosis, we proceeded to classify patients into EYA2-high or EYA2-low CRC subgroups according to the optimal EYA2 IHC score cutoff. We found that the patients with EYA2-low tumors had a shorter DFS and DSS than those 
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Zheng et al with EYA2-high tumors. In the multivariate Cox analysis, low EYA2 expression was an independent risk factor for CRC prognosis, in the presence of confounding factors such as TNM stage and grade. These results demonstrated that EYA2 expression may be a potential supplementation when TNM stage served as a criterion for prognostic stratification. After adjusting for TNM stage as a confounding factor, we found that the expression of the EYA2 protein was significantly associated with DFS and DSS in stage II and stage III CRC. Obviously, the prognostic significance of EYA2 in CRC is completely different from that observed in ovarian cancer 12 but is consistent with the results for pancreatic cancer. 17 Nevertheless, because information on some characteristics was incomplete or unavailable (eg, for MSI, KRAS or BRAF mutation, and other factors), the prognostic significance of EYA2 should be validated in larger prospective cohorts in the future.
Adjuvant chemotherapy (FOLFOX/CapeOX regimen) is considered as a standard therapy for patients with stage III and a proportion of patients with stage II CRC after curative resection. However, the survival benefit observed from the regimen was primarily limited to patients with stage III disease; thus, the use of adjuvant chemotherapy for patients with stage II CRC remains controversial. 24, 25 Therefore, we further analyzed the interaction between EYA2 expression and adjuvant chemotherapy in patients with stage II or stage III CRC and found that the different expression levels of the EYA2 protein had no association with DFS or DSS among patients who did not receive adjuvant chemotherapy. However, a significant difference in survival outcomes was identified between patients with stage II/III EYA2-high CRC and those with stage II/III EYA2-low CRC who received adjuvant chemotherapy. Interestingly, in a subgroup analysis of patients who had stage II disease and EYA2-low expression, we found that patients with chemotherapy had clearly reduced survival outcomes. This indicated that EYA2-low patients might be harmed by chemotherapy. Furthermore, the results of an interaction analysis implied that the reduction in survival outcomes may have been associated with the combination of reduced EYA2 expression and chemotherapy.
Regarding molecular mechanisms, it has been reported that EYA2 is a transcriptional activator, the activity of which depends on SIX family factors. [6] [7] [8] [9] [10] 12 Interestingly, SIX1-5 were detected in most ovarian and breast cancer cell lines but not in colon cancer cells, 12 which indicates that the function of EYA2 as a transcriptional activator may be lost in colon cancer. EYA2 also has phosphatase activity and can reduce the phosphorylation of some key proteins. Recent studies have revealed that reduced EYA2 can promote TGFBR2 phosphorylation in pancreatic cancer cells 17 and generate H2A.X Tyr39 phosphorylation in colon cancer cells. 26 For both of them, TGFBR2 phosphorylation can promote cancer aggressiveness via acting epithelial-mesenchymal transition (EMT) signaling and H2A.X Tyr39 phosphorylation is a prerequisite of γ-H2A.X formation, which is a very important inducer for efficient repair of DNA double-strand breaks. 26 It is also well known that increased DNA repair is usually associated with the development of resistance to chemotherapy in multiple cancer types. Moreover, some chemotherapy drugs (such as oxaliplatin) can also activate EMT signaling, especially in resistant cells. 27, 28 Therefore, it is possible that reduced EYA2 promotes CRC progression and generates unfavorable outcomes in the presence of chemotherapy via a complex signaling mechanism, such as enhancing TGF-β signaling and/or DNA repair. However, this suggestion is speculative and little concrete evidence is available regarding the underlying mechanisms.
Conclusion
In this study, we systematically investigated the clinical significance of EYA2 expression in CRC and provided important evidence that EYA2 expression is downregulated in primary and metastatic CRC. Notably, we found that low EYA2 expression was significantly correlated with unfavorable DFS and DSS in patients with CRC, as well as with a survival reduction in CRC patients who received postoperative chemotherapy. Although our study has revealed that EYA2 could be a clinically promising biomarker in CRC, the molecular mechanisms behind the relationship between EYA2 and CRC remain uncertain and should be investigated further. Future studies should elucidate the roles that EYA2 plays in both the occurrence and progression of CRC.
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Supplementary materials
Figure S1 Bioinformatics analyses of eYa1, eYa3, and eYa4 mrna expressions between cancer and cancer-related specimens in three datasets downloaded from geO database. Abbreviations: eYa2, eyes absent homologue 2; geO, gene expression Omnibus; Tcga, The cancer genome atlas.
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